Aims/hypothesis It has been proposed that the neuro-insular network enables rapid, synchronised insulin secretion. However, to date, acquiring the pancreatic tissue map to study the neural network remains a challenging task as there is a lack of feasible approaches for large-scale tissue analysis at the organ level. Here, we have developed 3-dimensional (3D) panoramic histology to characterise the pancreatic neuroinsular network in young mice. Methods Pancreases harvested from young wild-type B6 mice (3 and 8 weeks old) and db/db mice (3 weeks old; db/db vs db/+) were used to develop 3D panoramic histology. Transparent pancreases were prepared by optical clearing to enable deeptissue, tile-scanning microscopy for qualitative and quantitative analyses of islets and the pancreatic tissue network in space. Results 3D panoramic histology reveals the pancreatic neurovascular network and the coupling of ganglionic and islet populations via the network. This integration is identified in both 3-and 8-week-old mice, featuring the peri-arteriolar neuro-insular network and islet-ganglionic aggregation. In weaning hyperphagic db/db mice, the 3D image data identifies the associated increases in weight, adipose tissue attached to the pancreas, density of large islets (major axis > 150 μm) and pancreatic sympathetic innervation compared with db/+ mice. Conclusions/interpretation Our work provides insight into the neuro-insular integration at the organ level and demonstrates a new approach for investigating previously unknown details of the pancreatic tissue network in health and disease.
Introduction
Pancreatic microstructures were first detailed by Paul Langerhans in his thesis 'Contributions to the microscopic anatomy of the pancreas' [1] . However, to date, investigators have continued to be limited by standard microtome-based histology, where the pancreatic specimen is sliced into thin sections (3-5 μm) to characterise the tissue morphology. Due to this technical limitation, the pancreatic neurovascular networks and their association with the endocrine islets can only be examined locally without substantial understanding of the network structure at the organ level.
Scattered in the pancreas, the endocrine islets rely on neurovascular inputs for modulation of hormone secretion including fasting glucagon, and cephalic and postprandial insulin secretion [2, 3] . Although the secretory cues from the circulatory pathway (e.g. nutrients and circulating factors) have been well characterised [4] , details of how the pancreatic neural network connects to and governs the scattered islets (approximately one million in an adult human pancreas and thousands in a rodent pancreas) are still not completely understood. Despite the lack of information, evidence has emerged that indicates the functional importance and the intrinsic association of islets with the neural network in the pancreas. First, at the functional level, pulsatile insulin secretion from the entire pancreas (during a period of 5-15 min) requires secretion from individual islets to be synchronised as a unit [5] [6] [7] . The leading hypothesis explaining this coordinated insulin release suggests that the intra-pancreatic neural network connects the islets and synchronises secretion [8, 9] . Importantly, it is currently unknown whether the loss of insulin oscillations in type 2 diabetes is associated with the neural network dysfunction [9] [10] [11] . Second, in humans, cephalic insulin release depends on the neural pathway and the response is important for postprandial glucose tolerance [3] . Third, in mouse development, the pancreatic/islet sympathetic innervation is important for islet formation and functional maturation [12] . Fourth, in mouse islet transplantation, the engrafted islets are able to remodel the surrounding sympathetic nerves and the associated glial cells to regain the islet innervation patterns [13, 14] , suggesting an intrinsic ability of islets to recruit and associate with neural tissues.
On the basis of the established functional results and the intrinsic neural-islet association, study of the islet microenvironment should ideally include the neural tissues to integrate the local islet microenvironment with the surrounding pancreatic neural network. From a therapeutic perspective, reaching islets through the neural pathways represents a natural route to target islets for potential diabetes treatment. However, tissue maps of the pancreatic neural network and its association with the islets are missing. This is largely due to the dispersed nature of the neural network and the scattered islets in the pancreas, which cannot easily be portrayed by standard histology in order to characterise their patterns and relationship in space.
To map the pancreatic and islet innervation in this research we prepared transparent pancreases [15, 16] with labelled islets, nerves and blood vessels for 3-dimensional (3D) panoramic histology. Qualitative and quantitative analyses of the islet and ganglionic populations and their associations, the neuro-insular network and neural network remodelling in disease are presented and discussed here.
Methods
Animals Normal pancreases harvested from 3-week-old (weaning) and 8-week-old wild-type C57BL/6 (B6) mice (National Laboratory Animal Center, Taipei, Taiwan) were used to develop 3D pancreatic histology. Diseased pancreases harvested from 3-week-old db/db (control: db/+ heterozygous) mice were used to examine pancreatic neural network remodelling. Animals were kept in a temperature-controlled and pathogen-free facility with a 12:12 h light:dark cycle and ad libitum access to food and water. The Institutional Animal Care and Use Committees at National Tsing Hua University and Academia Sinica approved all procedures with mice. Overall, seven 3-week-old B6, five 8-week-old B6, five db/ db and four db/+ mice were randomly selected from their age and db populations and used to generate the representative images, including two complete sets of whole pancreas images from two 3-week-old B6 mice.
Tissue labelling and microscopy Pancreatic blood vessels were labelled with cardiac perfusion of lectin-Alexa Fluor 488 conjugates (Invitrogen, Carlsbad, CA, USA) followed by 4% paraformaldehyde perfusion fixation [17] . The pancreas was then harvested and post-fixed in 4% paraformaldehyde solution for 40 min at 15°C. Vibratome sections of the fixed tissue (~500 μm) were then immersed in 2% Triton X-100 solution for 2 h at 15°C for permeabilisation.
Five different primary antibodies were used to immunolabel the tissues, as per manufacturer's instructions. The antibodies used were guinea pig anti-insulin (GTX27842, GeneTex, Irvine, CA, USA), rabbit anti-TUJ1 (neuronal marker; PRB-435P, Covance, Princeton, NJ, USA), rabbit anti-PGP9.5 (neuronal marker; 2932-1, Epitomics, Burlingame, CA, USA), rabbit anti-vesicular acetylcholine transporter (vAChT, parasympathetic marker; 139103, Synaptic Systems, Goettingen, Germany) and rabbit anti-tyrosine hydroxylase (TH, sympathetic marker; AB152; Millipore, Billerica, MA, USA) antibodies. Before applying the antibody, the tissue was rinsed in PBS. This was followed by a blocking step, incubating the tissue with the blocking buffer (2% Triton X-100, 10% normal goat serum and 0.02% sodium azide in PBS). The primary antibody was then diluted in the dilution buffer (1:100, 0.25% Triton X-100, 1% normal goat serum and 0.02% sodium azide in PBS) to replace the blocking buffer and incubated for 1 day at 15°C.
Alexa Fluor 647 conjugated goat anti-rabbit secondary antibody and Alexa Fluor 546 conjugated goat anti-guinea pig secondary antibody (1:200, Invitrogen) were used to reveal the immunostained structures. Propidium iodide staining (50 μg/ml, Invitrogen) was performed to reveal the nuclei. The labelled specimens were immersed in the optical clearing aqueous solution (RapiClear 1.52 solution [18, 19] , SunJin Lab, Hsinchu, Taiwan) 1 day before being imaged via confocal microscopy.
Imaging of the tissue structure was performed with a Zeiss LSM 510 Meta confocal microscope (Carl Zeiss, Jena, Germany) equipped with ×10 and ×20 Fluar, ×25 LD PlanApochromat and ×40 LD C-Apochromat lenses under the tilescan mode with automatic image stitching. The laser-scanning process was operated under the multi-track scanning mode to acquire signals, including transmitted light signals. The Alexa Fluor 647-labelled structures were excited at 633 nm and the fluorescence was collected by the 650-710 nm band-pass filter. The propidium iodide-labelled nuclei and Alexa Fluor 546-labelled structures were excited at 543 nm and the signals were collected by the 560-615 nm band-pass filter. The lectinAlexa Fluor 488-labelled blood vessels were excited at 488 nm and the fluorescence was collected by the 500-550 nm band-pass filter.
Image projection and analysis The Avizo 6.2 image reconstruction software (VSG, Burlington, MA, USA), Zen software (Carl Zeiss) and LSM 510 software (Carl Zeiss) were used for projection, signal segmentation, noise reduction (Gaussian filter; kernel 3 × 3) and analysis of confocal images. Percentage of adipose tissue in the pancreatic section was estimated by the black areas (pixels) of the pancreatic tissue map compared with the pixels of parenchyma. Quantification of the nerve density is illustrated in Juang et al [13] . Briefly, feature extraction and image segmentation for quantitative analysis of the sympathetic nerve density were performed by the Label Field function of Avizo to collect the voxels of the pancreas and the associated TH + sympathetic nerves, which include the TH + axons and varicosities but exclude the globular TH + islet cells. Voxels of the nerves were divided by those of the pancreas ×100% to estimate the sympathetic nerve density. The same immunolabelling, imaging and quantification processes were conducted on the comparable pancreatic middle sections to characterise the tissue densities on the same basis.
Statistical analysis
The quantitative values in Figs 2f, 4a and 6e-h are presented as means and distribution of data points. Statistical differences were determined by the unpaired Student's t test. Differences between groups were considered statistically significant when p < 0.05.
Results

3D panoramic histology of mouse pancreas
We targeted the pancreas of 3-week-old weaning B6 mice to develop 3D panoramic histology. The decision to use these mice was based on two considerations. First, at this stage the mouse islets reach the end of their postnatal development and represent the functional endocrine tissues in the pancreas. Second, the pancreas is of a reasonable size (Fig. 1a , approximately 12 × 9 × 3 mm in an agarose block) to allow for tilescanning confocal microscopy to constitute the tissue map of the pancreas.
To enable efficient tissue clearing and microscopy, we systematically prepared a set of 500 μm vibratome sections of the whole pancreas in specimen preparation. Examples of the pancreatic section before and after tissue clearing are presented in Fig. 1b , c. The depth of each section is 100-times thicker than the standard microtome section, allowing the spatial information of the nerves and islets to be preserved in the tissue block (electronic supplementary material [ESM] Video 1). However, we expected discontinuity of tissue information at the boundaries of the adjacent sections, which is a trade-off for effective imaging.
The transparent pancreas allows us to combine transmitted light and fluorescence imaging to construct the tissue map shown in ESM Fig. 1 (enlarged in ESM Video 1) and Fig.  1d via tile scanning. Through image projection, Fig. 1d presents the TUJ1 (neuron-specific class III β-tubulin)-labelled nerve trunk which enters the pancreas and associates with the artery in extension. In addition, prominent nerve tracks are identified in the head and tail of the pancreas, which constitute the intra-pancreatic neural network.
Islet distribution, neurovascular association and population analysis in weaning mice Islets are scattered in the pancreas; however, they are not randomly scattered in space in weaning mice. Figure 2a , b shows the typical peri-arteriolar neuro-insular aggregation in the pancreatic parenchyma, featuring the islets (particularly those > 50 μm) and TUJ1-labelled nerve tracks spreading and extending longitudinally along the arteriole. The peri-arteriolar islet and nerve distribution can be found in all the pancreatic sections and is confirmed with the paired insulin and PGP9.5 (a second neuronal marker [20] ) staining that provides an independent assessment (ESM Fig. 2 ). In addition, staining of the pancreas with the parasympathetic marker vAChT and sympathetic marker TH confirms that the autonomic nerves follow the arterioles and capillaries to reach the islet mantle and core (Fig. 2c-e) .
Overall, these results indicate: (1) the dependence of islets on the feeding arteriole, (2) the presence of a neuro-insular network and (3) that islets are primary innervation targets in the postnatal development of the pancreas.
In whole pancreas islet quantification, the average numbers of the large (major axis > 150 μm), medium (50-150 μm) and small (from a single cell at 10 μm to 50 μm) islets identified in the atlases of the pancreases from two 3-week-old mice were 127, 633 and 7625, respectively. Using the middle pancreatic section as the area of interest (e.g. Fig. 1b, c) , we analysed the density and tissue volume of the large, medium and small islets ( Fig. 2f, g ; n = 7 mice). Significantly, while the density (or number) of the large islets is < 3% of all islets in the pancreas, they contribute > 70% of the overall islet volume in the weaning mice (Fig. 2g) .
Pancreatic innervation and ganglionic population in weaning mice The pancreas receives autonomic innervation to regulate endocrine and exocrine functions. Figure 3a shows the gross view of the pancreatic nerve import and its relay into the parenchyma. When focused on the network, Fig. 3b shows the relay and the nerve tracks that couple the islets and ganglia to establish the islet-ganglionic association. (Note that in Fig.   3b numbers have been added to identify the ganglia, highlighting their presence and aggregation with the islets.)
In whole pancreas ganglionic quantification, 258 and 210 ganglia were identified in the atlases of the pancreases from two 3-week-old mice. Importantly, through TUJ1 staining and panoramic imaging, large ganglia (> 100 μm) and islets are in yellow) . Scale bar, 500 μm. Note that vAChT staining also reveals the peri-islet ganglia (arrows); TH staining shows the TH + islet cells. (f, g) Density, size distribution and relative tissue volume of large, medium and small islets. Size of islet is determined by its major axis shown in projection. In volume adjustment, we assume that the relative volumes of the large, medium and small islets are at the scale of 1000:125:1. The overall islet volume of a size group = number of islets × relative volume. Data are derived from the islets in the middle pancreatic section (such as in Fig. 1c ) of seven mice. Horizontal lines in (f) indicate the average of data points. Red, large islets; green, medium islets; blue, small islets readily recognised as landmarks of the neuro-insular network. Using the middle pancreatic section as the area of interest, we estimate that the large ganglia account for 12% of the ganglionic population ( Fig. 4a ; n = 6 mice).
In addition to the size difference, the intra-pancreatic ganglia also vary in the number of nerve projections. The majority of the ganglia (81%) have two to four projections (Fig. 4b) , while the remaining 19% have five to eight projections, indicating the heterogeneity of the ganglionic population in the pancreatic neural network. Specifically, within the population of the large ganglia (Fig. 4c) , we identified the presence of hub ganglia (71%), which possess a body > 100 μm and five to eight radiant projections in space. Figure 4d and ESM Video 2 present the hub ganglia and a detailed view of the ganglionic body and projections.
Islet-ganglionic association preserved in the process of maturing Next we compared the pancreases of 3-and 8-week-old mice to investigate the islet-ganglionic association during maturation (post-weaning development of body and pancreatic size). Similar to the neuro-insular network in the 3-week-old mice, we also identified peri-arteriolar aggregation of islets and ganglia in 8-week-old mice and formation of a network (Fig. 5a, b) . The neuro-insular network features the TUJ1 + neural plexus coupling the islets and ganglia (both are peri-lobular) to establish the islet-ganglionic association. A gallery display of the association is presented in ESM Fig.  3 . The neuro-insular network and islet-ganglionic association indicate that in the post-weaning phase of pancreatic development endocrine islets are the target of neural regulation.
In the post-weaning phase of development, however, the pancreas continues to grow. Quantitative analysis of islet aggregation indicates that large islets in pancreases from 8-week-old mice are not as intimate to each other as those in the 3-week-old mice (Fig.  5c ). This appears to be caused by exocrine expansion. In the meantime, we used two indicators to evaluate the islet-ganglionic association: (1) the percentage of large islets within 100 μm of a ganglion (Fig. 5d) ; and (2) the percentage of large ganglia within 100 μm of a large/medium islet ( Fig. 5e ) (note: 100 μm was used as an arbitrary cut-off distance for quantitative assessment). In both tests, we found that the exocrine expansion only marginally affected the association, indicating an intrinsic affinity of neural tissues (nerves and ganglia) with islets in the pancreas.
Adipose-pancreatic complex and sympathetic nerve remodelling in weaning db/db mice The db/db mice develop hyperphagic obesity due to a mutation in the satiety hormone leptin receptor in the hypothalamus [21] . At 3 weeks of age, the weaning db/db mice already have recognisable weight gain and excess fat deposits in the abdomen, including the adipose tissue associated with the pancreas. Although hyperphagia contributes to the obesity, the lack of functional leptin signals to stimulate lipolysis is also linked to adipose tissue development [22, 23] .
It has been established that leptin signalling deficiency reduces sympathetic tone, thereby diminishing lipolysis of white adipose tissue [24, 25] . However, the response of local sympathetic innervation in the pancreas to increases in surrounding adipose tissue and decreased sympathetic tone remains unclear.
To study the pancreas from db/db mice, we applied 3D panoramic histology to examine the adipose-pancreatic complex in the weaning mice. Figure 6a , b shows that the sympathetic nerves follow the vascular supply into the tissue complex and continue with the perivascular elongation to innervate the islets along the feeding arterioles. Importantly, compared with weaning db/+ mice (lean control), the hyperphagic db/db mice of the same age have markedly increased weight, adipose tissue attached to the pancreas, density of large islets (major axis > 150 μm) and pancreatic sympathetic nerve density (Fig. 6c-h) . The results indicate that although sympathetic tone is downregulated in the db/db mice, the local pancreatic sympathetic innervation is increased in association with adipose tissues and large islets in the hyperphagic weaning mice. 
Discussion
We developed 3D panoramic histology to examine the pancreatic microstructure, vasculature and innervation in an integrated fashion in mice. The 3D imaging approach revealed the neuro-insular network at the organ level, which otherwise could not be visualised globally via microtome-based histology. In network characterisation, tile scanning and image stitching were used to generate a pancreatic tissue map, which depicts islet distribution and the pancreatic neurovascular network in a 3D space continuum. In disease characterisation, this analytical method identified the associated increases in weight, pancreatic adipose tissue, density of large islets and pancreatic sympathetic innervation in weaning hyperphagic db/db mice.
The pancreatic neuro-insular network revealed in Figs 2, 3, 4, 5 shows an intrinsic and intimate islet-ganglionic association during postnatal development and the process of maturation. Both the pancreatic nerve import ( Fig. 3a; including the sympathetic nerves in Figs 2e, 6b ) and the intra-pancreatic neural network (Figs 1d, 2a, 4d, 5a ) are identified in this research, suggesting potential routes of exterior (brain-to-pancreas) and interior (pancreatic ganglion-to-islet) neural inputs to islets for modulation of hormone secretion [26] [27] [28] [29] . The morphological evidence of the neuro-insular network supports the concept that despite being scattered in the pancreas the islets are coupled with the intra-pancreatic ganglia to coordinate their insulin secretion activity. In addition, the discovery of hub ganglia (Fig. 4d) further suggests that the intra-pancreatic neural network could possess hot spots that engage in local neural activity, rather than homogeneously innervating the pancreas for signal relay.
The imaging approach applied in this research is designed to be scalable for examination of mouse pancreases ranging from Green, neuronal TUJ1 staining; red, vascular staining; blue, insulin staining; magenta, islets. Scale bars: main image, 500 μm; top inset, 2 mm; bottom inset 100 μm newborns to adults and in health and disease. In the disease model, we identified an increase in pancreatic sympathetic innervation in weaning db/db mice. This increase can be attributed to neurotrophic factors secreted from the associated adipose tissue and islets to recruit the sympathetic nerves [30] [31] [32] . The local increase in sympathetic innervation could cause sympathetic overactivity in the basal state, despite the reduced overall responsiveness to sympathetic stimuli in obesity [33] .
In neurohistology, the technical advance of tissue clearing has enabled the preparation of transparent specimens for 3D visualisation of the neural network with high definition [34] [35] [36] . However, unlike the brain, the pancreas is often associated with the adipose tissue, such as in the adipose-pancreatic complex revealed in Fig. 6a . Because adipose tissues are hydrophobic in nature, they are susceptible to the clearing methods that involve the membrane removal treatment of amphipathic molecules, such as SDS treatment in the CLARITY method [37] . Thus, while applying the tissue-clearing reagent (or method), it is crucial to monitor changes in the pancreatic structure and to compare/correlate the fluorescence signals with the transmitted light and gross tissue images, as presented in this research, to avoid misinterpretation of the pancreatic microenvironment.
In summary, we prepared transparent pancreatic specimens for 3D histology to achieve panoramic visualisation of islets and the associated neurovascular network in space. Before this study, islets and pancreatic nerves were only examined locally without a clear picture of the islet-ganglionic association and the peri-arteriolar neuro-insular network. Here, our 3D imaging approach overcomes the technical limitations imposed by standard histology to characterise the pancreatic neural network in health and disease. The pancreatic tissue maps offer the blueprint for future research into the interplay among the pancreatic microstructure, vasculature and innervation to increase our understanding of the mechanisms that influence islet and pancreatic activities. In the analysis, 100 μm was used as an arbitrary cut-off distance to assess islet-islet aggregation. (d, e) Evaluation of islet-ganglionic association, 3-week-old vs 8-week-old mice. The percentage of large islets within 100 μm of a ganglion (d) and the percentage of large ganglia within 100 μm of a large/medium islet (e) are marginally affected (3.7% and 3.0% decrease, respectively) in the process of maturation. In (c-e), 189 large islets and 46 large ganglia in seven 3-week-old mice, and 105 large islets and 33 large ganglia in five 8-week-old mice were used in the analysis. Sizes of islets and ganglia are defined in Figs 2f, 4a
Data availability The images and datasets generated and/or analysed during the current study are available from the corresponding author on reasonable request. Duality of interest The authors declare that there is no duality of interest associated with this manuscript.
Contribution statement All authors contributed to the study concept and design. CNS, PYL and SJP contributed to specimen acquisition. SCT, SJP, HJC and YHC contributed to 3D histology and image presentation. SCT, CNS, CEC and PJP contributed to drafting of the manuscript. All authors contributed to data analysis and interpretation of data, and revised the manuscript critically for intellectual content. All authors approved the final version of the manuscript. SCT and CNS obtained funding. SCT is the guarantor of this work and, as such, had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis. (e-h) Associated increases in weight (e), adipose tissue associated with pancreas (f, expressed as [adipose/(adipose + parenchyma) × 100]), large islet density (g, expressed as % of db/+ pancreas) and sympathetic nerve density (h, expressed as % of db/+ pancreas) in weaning db/db mice. Data are derived from four db/+ and five db/db mice. In (f-h), two middle pancreatic sections from each mouse were used in the analysis. **p < 0.01, ***p < 0.001
